Research

Habit and Skill Learning in Schizophrenia:
Evidence of Normal Striatal Processing With

Abnormal Cortical Input

Thomas W. Weickert,"> Alejandro Terrazas,' Llewellyn B. Bigelow,' James D. Malley,>
Thomas Hyde,' Michael F. Egan,' Daniel R. Weinberger,' and Terry E. Goldberg'

'Clinical Brain Disorders Branch, National Institute of Mental Health, National Institutes of Health, Bethesda, Maryland 20892, USA; “Center
for Information Technology, National Institutes of Health, Bethesda, Maryland 20892, USA

Different forms of nondeclarative learning involve regionally specific striatal circuits. The motor circuit
(involving the putamen) has been associated with motor-skill learning and the dorsolateral prefrontal cortex
(DLPFC) circuit (involving the caudate) has been associated with cognitive-habit learning. Efforts to
differentiate functional striatal circuits within patient samples have been limited. Previous studies have
provided mixed results regarding striatal-dependent nondeclarative learning deficits in patients with
schizophrenia. In this study, a cognitive-habit learning task (probabilistic weather prediction) was used to
assess the DLPFC circuit and a motor-skill learning task (pursuit rotor) was used to assess the motor circuit in
35 patients with schizophrenia and 35 normal controls. Patients with schizophrenia displayed significant
performance differences from controls on both nondeclarative tasks; however, cognitive-habit learning rate in
patients did not differ from controls. There were performance and learning-rate differences on the motor-skill
learning task between the whole sample of patients and controls, however, analysis of a subset of patients
and controls matched on general intellectual level eliminated learning rate differences between groups. The
abnormal performance offset between patients with schizophrenia and controls in the absence of learning

rate differences suggests that abnormal cortical processing provides altered input to normal striatal circuitry.

Memory has been proposed to be subserved by multiple
brain systems. For example, the hippocampal formation is
important for the rapid acquisition of new associations with
conscious awareness, which is referred to as explicit or
declarative memory (Squire 1992a). Other structures, such
as the cerebellum, posterior neocortex, and basal ganglia
are believed to be responsible for a more gradual acquisi-
tion of new information or skills that may take place with-
out conscious awareness, which is referred to as implicit or
nondeclarative memory (Cohen and Squire 1980; Squire
1992b; Ungerleider 1995; Bailey and Kandel 1997). Animal
lesion studies (Divac et al. 1967; Packard et al. 1989; Pack-
ard and McGaugh 1992; McDonald and White 1993; Aosaki
et al. 1994) have demonstrated a double dissociation be-
tween striatal and hippocampal learning. Additionally,
single dissociations between declarative and nondeclarative
memory (for review, see Squire 1992b; Schacter et al. 1993)
and double dissociations between declarative memory and
emotional learning (Bechara et al. 1995) and perceptual
priming (Gabrieli et al. 1995; Keane et al. 1995) have been
obtained in humans.
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Only a few investigators have assessed cognitive-habit
learning in schizophrenia (SC), (Goldberg et al. 1990; Gras-
Vincendon et al. 1994; Michel et al. 1998; Bustini et al.
1999) but the task used in these studies, different versions
of the so-called Tower test, has been demonstrated to re-
cruit executive function, problem solving abilities, and
working memory rather than solely nondeclarative pro-
cesses ( Martone et al. 1984; Butters et al. 1985; Phillips et
al. 1999; Welsh et al. 1999; Winter et al. 2001). Keri et al.
(2000) reported intact cognitive-habit learning in patients
with SC using a version of a probabilistic learning test origi-
nally designed to selectively assess nondeclarative habits
that guide cognition (Knowlton et al. 1996a,b) (described
below). However, the methods of Keri et al. (2000) differed
from the original design of this task (Knowlton et al.
1996a,b) on four principle characteristics as follows: (1)
manual presentation, (2) forced choice responding, (3) ran-
domization of cue card positions, and (4) high percentage
of discarded or correctly predicted cue card combinations,
which may have resulted in changes to the nondeclarative
and/or probabilistic nature of the task.

Studies examining nondeclarative learning in patients
with SC on the pursuit rotor motor-skill learning task have
produced mixed results, some have demonstrated impaired
learning (Huston and Shakow 1949; Eysenck and Frith 1977
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Schwartz et al. 1996) and others preserved learning (Clare
etal. 1993; Goldberg et al. 1993; Granholm et al. 1993; Kern
et al. 1997). These conflicting findings may reflect several
methodological differences including differences in instru-
mentation, in equating for initial performance, in number of
trials administered, and in failure to differentiate between
y-intercept (i.e., absolute performance) and slope (learning
rate). Further complicating the picture are influences of
intrinsic moderating variables such as intellectual ability and
declarative memory as well as the effect of antipsychotic
medication.

Whereas Knowlton et al. (1996a) have demonstrated
that the dorsolateral prefrontal cortex (DLPFC) does not
appear to contribute to performance on a probabilistic
habit-learning test by obtaining equivalent performances be-
tween healthy controls and a group of patients with frontal
lobe damage, results from functional neuroimaging studies
in healthy controls (Poldrack et al. 1999, 2001) have shown
concurrent activation of both the caudate nucleus and pre-
frontal cortex during probabilistic habit learning. Such con-
current activation of the caudate and DLPFC would suggest
that DLPFC and striatal circuitry may be implicated during
cognitive habit learning in humans. Similarly, concurrent
activation of the putamen and supplementary motor area
during administration of the pursuit rotor motor-skill learn-
ing test (Grafton et al. 1992, 1994), would suggest that the
motor circuit of the basal ganglia may be important during
motor-skill learning. Because multiple forms of nondeclara-
tive memory may be subserved by distinct neuronal cir-
cuitry in the basal ganglia, the potential to demonstrate
dissociations within the system exists.

The current study assessed performances on two mea-
sures of nondeclarative learning as follows: (1) the pursuit
rotor task assessed the motor circuit, and (2) a probabilistic
learning test assessed the DLPFC circuit. We tested the
DLPFC circuit and the question of a possible cognitive-
habit learning impairment in SC using a probabilistic learn-
ing (the so-called weather prediction) task of Knowlton et
al. (1996a,b). In this task, participants learn cue-outcome
associations without conscious awareness of the probabilis-
tic frequencies determining each association. The probabi-
listic schedule of reinforcement produces a gradual learning
of associations that is analogous to habit learning in animals
(Knowlton et al. 1996a,b), has been correlated with caudate
and DLPFC activity in normal controls (Poldrack et al. 1999,
2001), and appears to be selective for human striatal abnor-
malities, as patients with frontal lobe lesions learn normally
(Knowlton et al. 1996a). The data analytic approaches ap-
plied to the results of these probabilistic learning tasks by
Knowlton et al. (1994) have been subsequently validated in
other patient groups (Knowlton et al. 1996a,b).

Although there is indirect evidence suggesting that pa-
tients with SC possess striatal abnormalities, such as in-
creased striatal dopamine (DA) activity in patients with SC
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(Cross et al. 1981; Seeman et al. 1989; Seeman and Niznik
1990; Pilowsky et al. 1994; Laruelle et al. 1996; Lindstrom et
al. 1999) and symptom reduction associated with adminis-
tration of DA D2 receptor antagonists (Cole et al. 1964;
Horn and Snyder 1971; Crow and Gillbe 1974; Seeman
1987; Kapur and Seeman 2001), previous studies have gen-
erally failed to display direct evidence of primary striatal
dysfunction in SC (Pickar et al. 1996; Heinz et al. 1998;
Bertolino et al. 1999, 2000; Meyer-Lindenberg et al. 2002).
On the basis of previous evidence of DLPFC dysfunction in
SC (Goldberg et al. 1988; Callicott et al. 1999, 2000) and the
relationship of the striatum to the DLPFC (Alexander et al.
1986) and DLPFC activity associated with cognitive-habit
learning (Poldrack et al. 1999, 2001), the first hypothesis
tested was that patients with SC would display impaired
cognitive-habit learning relative to healthy normal control
(NC) participants.

In addition to measuring cognitive-habit learning, we
assessed motor-skill learning using a pursuit rotor task. In a
previous Positron Emission Tomography study of motor-
skill learning using the pursuit rotor in NC participants,
Grafton et al. (1994) has shown that improved performance
was associated with increased activity in the putamen. Be-
cause motor-skill learning has been demonstrated to be
intact in the majority of recent studies of patients with SC
(Clare et al. 1993; Goldberg et al. 1993; Granholm et al.
1993; Kern et al. 1997), the hypothesis tested with respect
to motor-skill learning was that patients with SC would not
differ from NC participants on the pursuit rotor task. If the
two hypotheses regarding nondeclarative learning are sup-
ported in this study, then a dissociation would be obtained
displaying preserved and impaired components within the
nondeclarative/basal ganglia system in SC.

RESULTS

Cognitive-habit Learning and

Executive Function

In the overall sample, relative to controls, patients with SC
displayed impaired cognitive-habit performance (Fig. 1A).
A two-way repeated measures ANOVA on the mean percent
correct transformed scores displayed a main effect of group,
F(1, 68) = 10.75, P < 0.002, and a significant main effect of
trial, F(14, 952) = 19.86, P < 0.001. However, there was no
significant group by trial interaction, F(14, 952) = 1.33,
P =0.185. A separate independent t-test revealed that the
slope of the learning curve over 150 trials in patients with
SC (mean = 1.2, SD = 2.7) did not differ significantly from
the slope displayed by the controls (mean = 1.8, SD = 2.3),
t(68) =0.93, P> 0.35. Also, a separate independent t-test
of the learning curve across the first 30 trials did not display
a significant difference between patients (mean = 0.40, SD
= 6.9) and controls (mean = 2.8, SD = 5.9), t(68) = 1.56,
P> 0.12. Likewise, a separate independent t-test revealed
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Figure 1 (A) Cognitive-habit learning (weather prediction) task performance in whole ~ formed at chance levels only until trial 20.

sample of patients with schizophrenia (SC) and healthy control (NC) participants
(n = 35). (B) Cognitive-habit learning (weather prediction) task performance in matched
sample of patients with schizophrenia (SC) and healthy control (NC) participants
(n =14). (O) Patients; ((J) controls; (+) standard error provided as measure of variance.

that the cognitive-habit difference score of patients with SC
(mean = 7.3, SD = 18.0) did not differ significantly from
controls (mean = 11.8, SD = 15.0), t(68) = 1.13, P > 0.26.
Using the Holm (1979) method for multiple testing, with a
familywise error rate of 0.05, it was found that the patients
with SC performed at chance levels until trial 80, whereas
the NC participants performed at chance levels only until
trial 20. Patients with SC differed from controls with respect
to the number of no responses (SC mean number of no
responses = 10.8, SD = 11.8; NC mean number of no re-
sponses = 2.7, SD = 3.0), t(68) = 3.96, P < 0.001, and reac-
tion times (SC mean reaction time = 398 msec, SD = 97; NC
mean reaction time = 322 msec, SD 54), t(67) =3.95,

P <0.001. Determination of outliers = 2 SD below the
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Patients with SC did not differ from controls
with respect to the number of no responses
(SC mean number of no responses = 8.9, SD
= 9.8; NC mean number of no responses =
3.4, SD = 3.5), t(13) = 2.08, P> 0.06, and
reaction times (SC mean reaction time = 385 msec, SD = 78;
NC mean reaction time = 343 msec, SD = 67), t(13) = 1.69,
P > 0.11, although a trend was present with respect to the
number of no responses.

Separate dependent t-tests displayed no significant dif-
ference between the matched patients and controls on an
executive function test associated with frontal lobe activity,
the Wisconsin Card Sort Test (WCST), mean number of
categories obtained in patients was 6.1 (SD = 3.2) and in
controls was 7.2 (SD 2.8), t(11) 0.72, P>0.49,
whereas mean percent of perseverative errors in patients
was 14.1 (SD = 10.7) and in controls was 11.7 (SD = 5.7),
t(11) = 0.63, P > 0.54, suggesting that differences were not
due to frank working memory/planning deficits.
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Motor-skill Learning

Comparing all patients and controls, patients with SC dis-
played motor-skill learning deficits across trial blocks 2-6
(Fig. 2A). A two-way repeated measures ANOVA revealed a
main effect of group, F(1, 68) = 6.85, P < 0.01, a significant
main effect of trial block, F(5, 340) = 62.93, P < 0.001, and
a significant group by trial block interaction, F(5, 340) =
3.14, P < 0.009, such that predetermined Least Significant
Difference (LSD) post hoc analyses revealed significant dif-
ferences between patients and controls at trial blocks 2, 3,
4, 5, and 6. The slope of the line for trial blocks 1-6 was not
significantly different between patients with SC (mean =
0.28, SD = 0.26) and NC participants (mean = 0.38, SD =
0.29), t(68) = 1.59, P > 0.12. However, there was a signifi-
cant difference between the motor-skill difference score

(trial 6-trial 1) of patients with SC (mean = 1.5, SD = 1.4)
and controls (mean = 2.3, SD = 1.4), «(67) = 2.30, P > 0.02.
Using separate independent t-tests, the speed at which the
rotating disk was set in order to equate performance at the
beginning of the test was determined to be significantly
different between patients with SC (mean = 40.3 rpm, SD =
9.6) and controls (mean = 46.7 rpm, SD = 6.9), t(68) = 3.19,
P < 0.002. Determination of outliers = 2 SD below the
mean rpm setting in each group resulted in removal of 1
patient and no controls. A two-way repeated measures
ANOVA on the mean time on target at each of six trial
blocks following exclusion of outliers displayed a significant
main effect of group, F(1, 67) =5.80, P< 0.02, a signifi-
cant main effect of trial, F(5, 335) = 65.57, P < 0.001, and
a significant group by trial interaction, F(5, 335) = 2.71,
P =0.02.

A a0
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6.8
6.4
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56

MEAN TIME ON TARGET (SEC)

52

4.8

In the matched group comparison,
however, patients with SC did not differ
from controls across the six trial blocks of
the pursuit rotor task (Fig. 2B). This was
unexpected, and suggests that differences
in this task may be related to global infor-
mation processing ability. A two-way re-
peated measures ANOVA displayed a main
effect of trial block, F(5, 125) = 26.30, P <
0.001, and no main effect of group, F(1,
25) = 0.06, P> 0.80, nor a group by trial
block interaction, F(5,125)=1.02, P>
0.41. Separate dependent t-tests displayed
no significant difference between patients

3
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4
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with SC (mean = 41.3 rpm, SD = 8.3) and
controls (mean = 45.0, SD = 6.5) with re-
spect to the speed at which the rotating
disk was set to equate performance at the
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beginning of the test, t(13)=1.48, P>
0.16. The slope of the line for trial blocks
1-6 was not significantly different between
patients with SC (mean = 0.34, SD = 0.17)
and controls (mean = 0.30, SD = 0.26),
t(13) =0.54, P> 0.60. Additionally, the
slope of the line for trial blocks 1-2 was not
significantly different between patients
with SC (mean = 0.95, SD = 0.91) and con-
trols (mean = 1.23, SD = 0.97), t(13) = 0.97,
P> 0.35. Likewise, the motor-skill differ-
ence score did not differ significantly be-
tween patients with SC (mean = 1.8, SD =
0.87) and controls (mean = 1.8, SD = 1.2),

3
TRIAL BLOCK

4

Figure 2

trols; (x) standard error provided as measure of variance.
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(A) Motor-skill learning (pursuit rotor) task performance in whole sample of
patients with schizophrenia (SC) and normal control (NC) participants (n = 35). (B) Mo-
tor—skill learning (pursuit rotor) task performance in matched sample of patients with
schizophrenia (SC) and normal control (NC) participants (n = 14). (O) Patients; (C1) con-

&

t(13) = 0.04, P> 0.97.

Correlations

All correlations described below, with the
exception of those indicated, were not sig-
nificant with P > 0.05. Performance on the
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weather prediction and pursuit rotor tasks were only
weakly correlated in both patients (0.17 = r = -0.21) and
controls (0.21 = r = -0.30). Only weak correlations were
obtained between the number of categories achieved on
the WCST and cognitive habit-learning difference score
(r = -0.26 in patients with SC and » =0.11 in NC partici-
pants), and between the number of categories achieved on
the WCST and percent correct at trial 150 of the cognitive-
habit learning task (» = 0.22 in patients with SCand r = 0.15
in NC participants). In general, only weak correlations were
obtained between reaction time and performance on the
cognitive-habit learning test in patients (0.35 = r = —0.24)
and controls (0.17 = r = -0.09), with only » = 0.35 at trial
10 in the patients displaying significance. Additionally, only
weak correlations were obtained between the number of
no responses and performance on the cognitive-habit learn-
ing test in patients (0.26 =r = -0.29) and controls
(0.19 = r = 0.02). Only weak correlations were obtained
between Positive and Negative Symptom Scale (PANSS)
scores and cognitive-habit learning slope and difference
scores in the whole (0.04 = r = —0.20) and matched pa-
tient samples (-=0.09 = r = —0.21). Similarly, only weak cor-
relations were obtained between Abnormal Involuntary
Movement Scale (AIMS) tardive dyskinesia (TD) scores and
cognitive-habit learning slope and difference scores in the
whole (r=-0.15 and r=-0.17) and matched patient
samples (r = —=0.12 and r = -0.19). Likewise, only weak cor-
relations were obtained between AIMS Parkinsonian (PD)
scores and cognitive-habit learning slope and difference
scores in the whole (r = —0.12 and » = —0.14) and matched
patient samples (» = 0.01 and » = —0.03).

In general, correlation between motor-skill learning
and FSIQ (for patients: 0.32 =7 = 0.18 and controls:
0.37 = r = 0.04) was stronger than correlation between
cognitive-habit learning and FSIQ (for patients: 0.34 = r =
—0.28 and controls: 0.18 = r = —0.04) with only the differ-
ence score between trials 150 and trial 10 of the cognitive-
habit learning test correlating significantly with IQ in pa-
tients (r = 0.34) and the mean time on target at trial block 6
during the pursuit rotor test correlating significantly with
IQ in controls (r = 0.37). Weak correlations were obtained
between FSIQ and slopes of the learning curves for both
cognitive-habit learning (» = 0.36, P < 0.05 in patients with
SC and r = 0.08 in NC participants) and motor-skill learning
(r = 0.28 in patients with SC and » = 0.34, P < 0.05 in NC
participants). Only weak-to-moderate correlations were ob-
tained between PANSS scores and motor-skill learning
slope and difference scores in the whole (0.05 = r = -0.08)
and matched patient samples (0.43 = » = —0.23). Similarly,
only weak correlations were obtained between AIMS TD
scores and motor-skill learning slope and difference scores
in the whole ( = —0.17 and r = —0.07) and matched patient
samples (» = 0.06 and » = 0.19). Significant mild-to-moder-
ately strong correlations were obtained between AIMS PD

N I N G

&

scores and motor-skill learning slope (r = =0.37, P = -0.03)
and difference scores (r =-0.40, P =0.02) in the whole
patient sample; however, only weak, nonsignificant corre-
lations were obtained between AIMS PD scores and motor-
skill learning slope (r=0.17) and difference scores
(r =0.09) in the matched patient sample.

DISCUSSION

Patients with SC were impaired with respect to their overall
performance relative to controls on a test of cognitive-habit
learning. Removal of outliers with respect to the number of
no responses produced identical results. Significant differ-
ences were maintained even between a subset of patients
and controls matched on the potentially confounding vari-
ables of age, education, general intellectual level, and read-
ing ability. The apparent difference between patients with
SC and controls with respect to the slope across the first 30
trials in the cognitive-habit learning task (Fig. 1A) failed to
attain statistical significance, probably due to the large
amount of variance that typically occurs during the earlier
trials of this task. Although there was a significant overall
performance difference between patients with SC and con-
trols on a test of cognitive-habit learning, the lack of a
group by trial interaction and the lack of slope differences
between groups would argue against a cognitive-habit
learning deficit in SC. These results are largely consistent
with earlier studies. Johnston and Bursill (1973) failed to
obtain significant differences in probability learning be-
tween patients with SC and controls, however, they dem-
onstrated a significant overall performance deficit in the
face of preserved learning during latter trials for nonpara-
noid patients with SC relative to paranoid patients with SC
and controls. Clare et al. (1993) obtained an overall perfor-
mance deficit in the absence of learning impairment during
a nondeclarative motor-skill learning study of patients with
SC. Other investigators have demonstrated preserved de-
clarative and nondeclarative learning in the face of impaired
overall performance in normal aging and frontal lobe pa-
tients (Howard and Howard 1989; Mutter and Pliske 1994;
Vakil and Agmon-Ashkenazi 1997; Hildebrandt et al. 1998),
which has been thought to be associated with working
memory or speed deficits. As mentioned previously, prior
studies (Poldrack et al. 1999, 2001) have demonstrated pre-
frontal activation during administration of the weather pre-
diction cognitive-habit learning test, which would allow for
the possibility of impaired overall performance to be the
result of prefrontal abnormalities in compromised groups.
On tasks of declarative learning, such as the California Ver-
bal Learning Test, this pattern of reduced overall perfor-
mance paired with intact learning has been interpreted to
represent frontal lobe dysfunction and preserved hippo-
campal function (Moscovitch 1992). Given the analogy be-
tween the declarative system—relying on the hippocampus
and prefrontal cortex during verbal list learning, and the
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nondeclarative system—relying on the caudate and DLPFC
during cognitive-habit learning, an argument for DLPFC
dysfunction and caudate preservation in SC can be made on
the basis of the current findings. However, our demonstra-
tion of an overall performance deficit in cognitive-habit
learning along with surprisingly intact WCST and IQ perfor-
mance in the matched patient group would suggest that this
account may be an oversimplification. Perhaps some, but
not all, regions of the DLPFC may be subtly compromised.
Further studies are warranted to determine the location and
nature of the DLPFC contribution to cognitive-habit learn-
ing.

With respect to cognitive-habit learning in the overall
sample, both groups clearly began the cognitive-habit
learning task at near chance levels. Whereas the controls
improved their performance significantly above chance af-
ter 20 trials, the patients with SC took until trial 80 to per-
form significantly above chance levels. Because overall per-
formance was poorer in patients relative to controls, but
learning rate did not differ, the patients would be expected
to rise above chance levels at a later point than controls.
These differences may reflect abnormal connectivity within
DLPFC associated with nondeclarative habit learning that
provides altered input to the striatum, especially during
early trials when the NC participants displayed the greatest
improvement.

Similar to the results of the present study, Keri et al.
(2000) failed to demonstrate a difference in learning be-
tween patients with SC and controls. In a departure from
the results of the current study, Keri et al. (2000) did not
obtain an overall performance difference between the
groups. As described previously, methodological differ-
ences that altered the implicit and/or probabilistic nature of
the task may have been responsible for the discrepancy
between studies.

The motor-skill learning differences obtained in the
overall sample are consistent with earlier evidence of im-
paired procedural learning in some patients with SC (Hus-
ton and Shakow 1949; Eysenck and Frith 1977; Schwartz et
al. 1996). However, the findings of preserved motor-skill
learning in patients matched to controls on the basis of age,
education, and IQ support previous findings of preserved
procedural learning in other patients with SC (Clare et al.
1993; Goldberg et al. 1993; Granholm et al. 1993; Kern et al.
1997). Elimination of outliers on the basis of rpm settings
from the whole sample produced results identical to the
whole-sample finding of impaired learning, suggesting that
the subset of matched patients did not simply exclude fa-
tigued patients or include only the most motivated or alert
patients. Previous work has shown that ability level
(Eysenck and Gray 1971) and intelligence level (Eysenck
and Frith 1977) contribute to differential motor-skill learn-
ing performances in controls and in patients with schizo-
phrenia. Also, Goldberg et al. (1993) have demonstrated

N I N G

&

correlations between pursuit rotor motor-skill learning and
IQ in monozygotic twins discordant for SC. Therefore, the
paradoxical motor-skill learning results between studies
may be explained on the basis of differences in generalized
cognitive integrity and, by inference, widespread cerebral
dysfunction as assessed by IQ. Previous studies (Huston and
Shakow 1949; Schwartz et al. 1996) demonstrating im-
paired motor-skill learning in patients with SC did not
match for generalized cognitive integrity. Although
Schwartz et al. (1996) used a dementia rating measure to
assess neuropsychological function, a test designed to mea-
sure performance at the level of dementia might not be
sensitive to small group differences within specific cogni-
tive domains, and could also be subject to ceiling effects.
Furthermore, patients in the Schwartz et al. (1996) study
were not specifically matched to controls on the dementia
rating variable.

Relative to the whole patient sample, improved motor-
skill learning ability in the subset of patients matched to
controls on the basis of IQ may be due to attention differ-
ences between the whole sample and matched subset of
patients, as numerous studies have demonstrated attention
deficits in patients with schizophrenia (Cohen and Servan-
Schreiber 1992; Mirsky et al. 1992; Palmer et al. 1997; We-
ickert et al. 2000) and measures of attention, such as the
Continuous Performance Test, show a consistent relation-
ship with IQ and academic achievement (Ballard 1996).
However, this rarefied subset of matched patients displayed
increases on virtually all measures of tests we routinely ad-
minister to all patients assessing cognitive domains of atten-
tion, executive function, memory, language, and visual spa-
tial perception (data available upon request). Therefore,
rather than any one aspect of general intellect contributing
to improved motor-skill learning in the matched patient
group, it would appear as though a general improvement
across all cognitive domains may produce the motor-skill
improvement.

As shown in Table 1, both impaired and unimpaired
motor-skill learning has been demonstrated in patients with
SC using (1) versions of the pursuit rotor that require hand-
held wand to rotating disk physical contact and those that
require contact with a photoelectric cell maintained in the
hand-held wand, (2) small to moderately large numbers of
patients and controls, and (3) fixed revolutions per minute
(rpm) of the rotating disk and rpm adjusted for differential
motor ability to equate initial performance between groups.
For those studies in Table 1 examining motor-skill learning
with the pursuit rotor test, current IQ data was either not
collected or was not used as a matching variable between
patients and controls. Although Clare et al. (1993) matched
on an estimate of premorbid IQ, National Adult Reading
Test, previous studies have shown that patients with SC
often display significant declines from premorbid IQ levels
(Lubin et al. 1962; Schwartzman and Douglas 1962; Dalby
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Table 1. Summary of Motor-Skill Learning Studies Using the Pursuit Rotor Task in Patients with Schizophrenia
Huston and
Shakow Goldberg et al. ~ Granholm et al. Clare et al. Schwartz et al. Kern et al.
(1949) (1993) (1993) (1993) (1996) (1997)
version contact contact photoelectric not specified contact photoelectric
Design 2 blocks of 3 blocks of 6 blocks of 5 blocks of 6 blocks of 6 blocks of
5-10-sec trials  5-20-sec trials 4-20-sec trials 6-20-sec trials 4-20-sec trials 4-20-sec trials
N SC =122 24 discordant SC/TD+ =7 SC=11 elderly SC = 20 SC=18
NC = 60 and 7 normal  SC/TD- =4 NC =12 elderly NC = 20 NC = 15
twin pairs NC =11 young SC = 20
young NC = 20
RPM 60 30 and 60 45 30 elderly SC 40.50 SC =37.2
elderly NC 48.75 NC = 62.7
young SC 47.25
young NC 56.25
Trial 1 matched? No No No No Yes Yes
1Q matched? No No No No No No
Overall difference? SC < NC SC = NC SC = NC SC < NC SC < NC SC = NC
Slope difference?  not specified not specified SC = NC SC = NC SC < NC not specified

(SC) Patients with schizophrenia; (NC) normal control participants; (SC/TD+) patients with schizophrenia and tardive dyskinesia; (SC/TD-)

patients with schizophrenia without tardive dyskinesia.

and Williams 1986; Nelson et al. 1990; Kremen et al. 1996).
Other task parameters, such as neuroleptic administration
and apparatus differences, remain as possible explanations;
however, no factor other than widespread cortical process-
ing appears to consistently account for the contradictory
results across studies. Because performance on the pursuit
rotor task is believed to rely in part on the putamen, find-
ings of equivalent performance between matched patients
and controls in the present study is consistent with the
hypothesis of putamen preservation in intellectually intact
patients with SC.

Several potential confounds (neuroleptic medication
class, motor abnormalities, psychotic symptom severity, di-
agnostic subtype, and gender ratio) could account for the
loss of a significant motor-skill learning difference in the
matched group comparison. Comparisons of cognitive-ha-
bit and motor-skill learning on the basis of neuroleptic class
(typical vs. atypical) were not performed due to the small
number of patients receiving typical neuroleptic medica-
tion (n = 4). However, the proportions of patients receiving
each of the various neuroleptic and adjunctive medications
were approximately equivalent in the whole sample and
matched group. The mean AIMS PD and TD scores and
standard deviations between the whole patient sample and
the matched patient group were strikingly similar and gen-
erally yielded weak correlations with cognitive-habit and
motor-skill learning. Similarly, the mean PANSS scores and
standard deviations between the whole patient sample and
the matched patient group were remarkably similar. In gen-
eral, only weak correlations were obtained between cogni-
tive-habit learning and symptom severity, whereas weak to
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moderately strong correlations were obtained between mo-
tor-skill learning and symptom severity ratings. With re-
spect to diagnostic subtype, there was no significant differ-
ence among diagnostic subtypes for either cognitive-habit
or motor-skill learning (data available upon request). The
rather large relative improvement in learning displayed in
the matched patient group, which remained consistent to
the whole patient sample with respect to gender ratio,
would be more likely to account for the loss of a significant
learning difference in the matched group comparison than
the minor suppression of learning displayed by the matched
control group with an altered gender ratio. Furthermore,
there was no significant difference between male and fe-
male controls or patients with respect to time on target at
each of the six trial blocks (data available upon request).
Therefore, none of the potential confounds listed above
would appear to contribute to the loss of significant learn-
ing in the matched group comparison.

An important caveat with respect to the results of the
present study pertains to the effect of antipsychotic medi-
cation. Because the present study and the majority of pre-
vious studies [with the possible exception of Huston and
Shakow (1949)] assessed patients receiving neuroleptic
medication, the effect of antipsychotic medication upon
skill learning in SC remains an open question and should be
the focus of future studies. It is conceivable that the ben-
eficial effects of striatal dopamine D2 receptor blockade
may normalize skill learning in patients with SC to some
degree. An additional caveat pertains to the generalizability
of the current findings to all patients with SC. Whereas the
matched NC group displayed relatively little Wechsler Adult
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Intelligence Scale-Revised (WAIS-R) FSIQ difference from
the whole NC sample with a mean increase of 1.2 points in
the matched NC group, relative to the whole patient sample
the subset of matched patients with SC displayed a WIAS-R
FSIQ mean increase of 3.5 points. This would suggest that
although the matched NC group remained relatively consis-
tent with the whole NC sample, the matched patient group
reflects a bias toward patients displaying less severe cogni-
tive deficits. Although this sampling bias in the subset of
matched patients appears to significantly improve motor-
skill learning ability as noted above, it did not appear to alter
cognitive-habit learning, as the results of the subset of
matched patients were identical to the whole patient
sample.

In summary, by obtaining overall performance deficits
in the presence of normal learning rate in patients with SC
on a test of cognitive-habit learning, the current results are
most consistent with normal striatal processing that re-
ceives abnormal input via cerebral cortex (e.g., DLPFC) in
SC. Future studies will be needed to further specify the
nature of the relationship between caudate and DLPFC ac-
tivation during cognitive-habit learning in both medicated
and nonmedicated patients. Additionally, motor-skill learn-
ing impairment in patients differing in IQ from controls
relative to preserved motor-skill learning suggests (1) that
generalized abnormalities influence motor-skill learning
and (2) that putamen function can be preserved in intellec-
tually intact patients with SC at least as it applies to motor-
skill learning.

MATERIALS AND METHODS

Participants

A total of 35 patients, 28 males and 7 females, (32 right-hand domi-
nant) with a diagnosis of SC (11 inpatients and 24 outpatients)
participated in this study. Two board-certified psychiatrists con-
curred on diagnosis by Structured Clinical Interview for the Diag-
nostic and Statistical Manual fourth edition, without knowledge of
neuropsychological performance. The frequency of diagnostic sub-
types for these 35 patients was as follows: 12 undifferentiated, 9
paranoid, 4 schizoaffective, 2 chronic, 4 disorganized, 1 schizotypi-
cal, 2 residual, and 1 simple. Patients who received concurrent axis
I psychiatric diagnoses other than SC, or having a history of current
substance abuse, head injuries with concomitant loss of conscious-
ness, seizures, central nervous system infection, diabetes, or hyper-
tension were excluded. Patients were all receiving doses of anti-
psychotic medication at the time of testing with the majority (86%)
receiving atypical neuroleptics such as olanzapine and risperidone.
In addition to patients with SC, 35 NC participants, 17 males and 18
females (30 right-hand dominant) recruited through the National
Institutes of Health normal volunteer office, participated in this
study. NC participants with a history of psychiatric disorders, cur-
rent substance abuse, head injuries with concomitant loss of con-
sciousness, seizures, central nervous system infection, diabetes, or
hypertension were excluded. All participants provided informed
written consent prior to participation in this study. The Institu-
tional Review Board of the National Institute of Mental Health pro-
vided approval for this study.
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Measures of General Cognitive Abilities and
Executive Function

A four-subsection version of the WAIS-R and the Reading subsec-
tion of the Wide Range Achievement Test-Revised (WRAT-R) was
administered to all subjects in order to obtain an estimate of current
Full Scale Intelligence Quotient (FSIQ) and premorbid intellectual
ability in patients, respectively. The Reading subsection of the
WRAT-R has been demonstrated to be an indicator of premorbid
intellectual abilities in previous studies (Nelson and McKenna 1975;
Nelson and O’Connell 1978; Dalby and Williams 1986; Nelson et al.
1990; Frith et al. 1991; Kremen et al. 1996). The four-subsection
version of the WAIS-R used to obtain estimated FSIQ was composed
of Arithmetic, Similarities, Picture Completion, and Digit Symbol
Substitution subsections (Missar et al. 1994). Additionally, the Wis-
consin Card Sorting Test (WCST) was administered to a subset of 14
patients and 14 matched controls as a test of Executive function
(Milner 1963).

Assessment of Psychotic Symptoms and

Motor Abnormalities

Psychotic symptom severity was assessed weekly using the Positive
and Negative Symptom Scale (PANSS) (Kay et al. 1987) by members
of the nursing staff trained in the administration and scoring of the
PANSS. The assessment closest to the cognitive-habit and motor-
skill testing dates was used to obtain indices of positive and nega-
tive symptoms, general, and total scale scores. Motor abnormalities,
such as extrapyramidal symptoms and tardive dyskinesia, that may
develop as side effects of administration of antipsychotic medica-
tion, were assessed using the Abnormal Involuntary Movement
Scale (AIMS) PD and TD rating scales (Fann et al. 1977; Smith et al.
1978), respectively, by a board-certified neurologist trained in ad-
ministration and scoring of the AIMS. Assessments were obtained
within one day of cognitive-habit and motor-skill testing. Correla-
tion of PANSS and AIMS ratings with motor-skill learning scores
was performed to determine possible relationships among motor-
skill learning and psychotic symptoms or motor abnormalities.

Demographics, General Cognitive Abilities,
Psychotic Symptoms, and Motor Ratings

See Table 2 for a summary of the mean age, education level, current
WAIS-R estimated FSIQ level, and WRAT-R Reading standard scores
for patients and controls. Separate independent t-tests revealed no
difference between patients and controls with respect to age,
t(68) = 0.01, P = 0.99. However, there were significant differences
between the groups on the basis of years of education, t(68) = 4.05,
P <0.001, WAIS-R estimated FSIQ, t(67) = 5.25, P <0.001, and
WRAT-R Reading Standard scores, t(68) = 3.50, P < 0.001. There-
fore, in addition to analyses comparing the entire sample of pa-
tients and controls, subsequent analyses will include comparisons
between a subset of 14 patients (13 were right-hand dominant, 9
were male, and 4 were inpatients) matched by TWW to within 5 yr
of age and education, and within 5 points on WAIS-R FSIQ estimate
and WRAT-R Reading Standard scores of 14 controls (12 right-hand
dominant, 5 males and 9 females). Matching was limited to 14
patients and controls due to the relatively large number of matched
varjables (4) and the limited number of patients and controls (35).
The frequency of diagnostic subtypes for the 14 matched patients
was as follows: 4 undifferentiated, 2 paranoid, 4 schizoaffective, 1
chronic, 2 disorganized, and 1 schizotypical. Seventy-nine percent
of the patients from the matched sample were receiving atypical
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Table 2. Mean Age, Education Level, and IQ Scores for Patients with SC and NC Participants
Education Wechsler adult intelligence Wide range achievement
N Age (years) scale-revised estimated full scale IQ test-revised reading standard score

Overall sample

Patients with schizophrenia 35 35.0(8.2) 14.0* (2.0) 91.9* (12.9) 102.4* (11.5)

Normal control participants 35 35.0(10.3) 15.8 (1.8) 106.6 (10.0) 110.3 (6.8)
Matched sample

Patients with schizophrenia 14 38.6 (8.9) 14.9 (1.9) 103.4 (8.2) 110.1 (8.1)

Normal control participants 14 36.9 (8.4) 15.2 (1.8) 107.4 (7.4) 108.3 (8.9)

Standard deviation in parentheses. Matched sample matched on the basis of age, education, Wechsler Adult Intelligence Scale-Revised
estimated Full-Scale 1Q scores and Wide Range Achievement Test-Revised Reading standard scores.
*Denotes statistically significant difference from Normal Control participants at P < .001.

neuroleptic medication. See Table 2 for the mean age, education
level, current WAIS-R estimated FSIQ level, and WRAT-R Reading
standard scores of the matched patient and control groups. Sepa-
rate dependent t-tests applied to these matched group data re-
vealed no significant differences between these matched groups of
patients and controls with respect to age, t(13) = 0.48, P < 0.64,
education, t(13) =0.64, P> 0.54, WAISR estimated FSIQ,
t(13) = 1.54, P>0.15, and WRAT-R Reading standard scores,
t(13) = 0.54, P > 0.60. See Table 3 for a listing of the medications
and dosage ranges administered during cognitive-habit and motor-
skill assessments in patients from the whole and matched samples.
Medication regime and dosage range was generally consistent be-

tween whole and matched patient samples with the patients in the
matched sample typically being on higher doses of medication,
with the exception of those patients receiving clozapine.

Patients from the whole sample displayed mean PANSS scores
of 13.8 (SD = 5.0) for positive symptoms, 18.0 (SD = 7.8) for
negative symptoms, 25.5 (SD = 7.5) for general symptoms, and 57.3
(SD = 14.5) for a total score. The subset of patients matched to
controls displayed mean PANSS scores of 14.2 (SD = 4.0) for posi-
tive symptoms, 17.3 (SD = 6.6) for negative symptoms, 25.9 (SD =
6.9) for general symptoms, and 57.3 (SD = 13.4) for a total score.
With respect to motor abnormalities, patients from the whole
sample displayed mean AIMS ratings of 4.4 (SD = 2.6) for Parkin-

Table 3. Medications Administered and Daily Within Group Dose Range During Testing

Antipsychotic Whole sample N Dose (mg) Matched group N Dose (mg)
olanzapine 16 5-40 07 10-40
clozapine 08 100-750 02 200-300
risperidone 09 2-8 02 6-8
quetiapine fumarate 01 400 — —
loxapine 02 50-150 01 150
fluphenazine HCI 01 37.5 01 37.5
heloperidol 03 10-15 01 15
thioridazine 01 50 — —
trifluoperazine HCI 02 5-10 01 10
Ancillary medication

lithium 04 300-900 02 900
divalproex Na 11 350-1500 04 350-1500
fluoxetine HCI 02 20 01 20
sertraline HCI 03 50-100 — —
benztropine mesylate 10 1-4 06 1-4
lorazepam 07 1-3 02 2-3
bupropion HCI 02 75-300 01 300
gabapentin 02 1200 01 1200
zolpidem 02 5-10 02 5-10
phenytoin 01 300 — —
trihexyphenidyl HCI 01 2 — —
buspirone 01 45 01 45
venlafaxine 01 37.5 — —
levothyroxine Na 01 1 01 1

The sum of numbers for whole and matched groups are greater than respective group totals, as some patients were receiving poly drug
therapy. Dose refers to daily dose range for all patients comprising each group.
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sonian symptoms and 1.2 (SD = 1.8) for tardive dyskinesia. The
subset of patients matched to controls displayed mean AIMS ratings
of 4.1 (SD = 2.6) for Parkinsonian symptoms and 0.8 (SD = 1.2) for
tardive dyskinesia.

Cognitive-habit Learning Task

The procedure for the weather-prediction task followed the speci-
fications of Knowlton et al. (1996a,b). Participants were instructed
that they would pretend to be a weather forecaster and that they
should make a decision to predict either rain or shine on the basis
of four cue cards that would be presented either individually or in
combinations of up to three cards. They were also informed that
they would be guessing at first but gradually they would improve at
determining which cue card combinations predicted rain or shine.
Cues appeared on the computer screen for 5 sec at the beginning
of each trial. Participants responded by using the mouse to position
the cursor over one of two buttons marked rain or shine that were
placed 1 cm apart on the computer screen and then clicked on the
button to indicate their choice (see Fig. 3 for screen layout). When
a correct response was made, the word “correct” and a smiling face
appeared on the screen and a horizontal scoring bar labeled “hits,”
originally set at zero, increased by one unit. When an incorrect
response was made, the word “incorrect” and a frowning face
appeared on the screen and a second horizontal scoring bar labeled
“misses,” also originally set at zero, increased by one unit. Addi-
tionally, the correct response, indicated by the phrase: “You should
have responded. . .” along with a sun or rain diagram appeared on
the screen for 2 sec. The intertrial interval was set at 0.5 sec. A
prompt: “Please respond now” appeared if no response was made
after the cues were displayed for 3 sec. If no response occurred 5
sec after the cues were displayed, the trial was terminated and the
correct response was displayed for 2 sec. Missed trials were not
included in the scoring. A total of 150 trials were completed with
1-min breaks provided following trials 50 and 100.

This cognitive-habit learning task is a probabilistic learning
task in which associations are learned gradually and presumably
without conscious awareness. In this task, participants learn the
relationship between two equally occurring outcome variables
(rain or shine) and combinations of four cue cards each composed
of simple geometric shapes (squares, triangles, circles, and dia-
monds) (Fig. 3). The relationship between the cue cards and the
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outcome variables was predetermined in a probabilistic fashion
(see Table 4 for the probability of obtaining outcome 1 given the
various cue card combinations). Combinations of between one and
three cue cards appeared on each trial randomized with the con-
straint that the identical cue combinations would not appear con-
secutively and each outcome was limited to five consecutive oc-
currences. The test was presented on a laptop computer with an
external mouse.

Cognitive-habit Learning Task Data Analysis

Scoring followed the guidelines of Knowlton et al. (1996a,b). Re-
sponses were indicated to be correct for any given trial if the
outcome selected was the outcome that was more strongly associ-
ated with the cue combination appearing on that trial (Table 4).
Cue combinations were sometimes followed by less strongly asso-
ciated outcomes due to the probabilistic design. Therefore, some
responses were scored as correct when the feedback provided
suggested that the response was incorrect. By using the percent
correct score, a measure was obtained for learning of the cue-
outcome associations. Mean percent correct scores were submitted
to an angular transformation in order to perform statistical analyses.
Chance performance was equal to a score of 50% correct, because
the two outcomes occurred equally. For those trials in which the
two outcomes were equally associated with the cue combination
(representing 12% of all trials), the data were not analyzed, as there
was no correct answer. Patient and control transformed scores for
cumulative percent correct at every tenth trial were analyzed using
a two-way repeated-measures ANOVA. In keeping with the Knowl-
ton et al. (1996a,b) analysis, the slope was analyzed to determine
significant linear trends. The cognitive-habit difference score be-
tween percent correct at the first and last trials was determined to
provide an additional measure of learning relatively insensitive to
absolute performance. In analogous fashion to that of the Knowl-

Table 4. Probability Structure of Cognitive-habit Learning
(Weather Prediction) Task

Cue
Cue P (cue P
pattern 1 2 3 4 combination) (outcome)
1 0 0 0 1 133 .150
2 0 0 1 0 .087 .385
3 0 0 1 1 .080 .083
4 0 1 0 0 .087 615
5 0 1 0 1 .067 .200
6 0 1 1 0 .040 .500
7 0 1 1 1 .047 143
8 1 0 0 0 133 .850
9 1 0 0 1 .067 .500
10 1 0 1 0 .067 .800
11 1 0 1 1 .033 400
12 1 1 0 0 .080 917
13 1 1 0 1 .033 .600
14 1 1 1 0 .047 .857

For any given trial, 1 of the 14 possible cue pattern combina-
tions displayed above appeared on the computer screen with a
probability indicated as: P (cue combination). As shown above,
the probability of the cue combinations to predict sunshine
(outcome 1) was set at P (outcome). Conversely, the probability
of the above cue combinations to predict rain (or outcome 2)
was equal to 1T — P.
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ton et al. (1996a,b) study, each group’s performance was compared
relative to chance using the Holm (1979) method for multiple test-
ing, with a family-wise error rate of 0.05. Additionally, separate
t-tests were used to determine group differences with respect to
trials on which no responses were made and reaction time for each
trial. Correlation between a measure of prefrontal function (WCST)
and cognitive-habit learning was performed to ascertain possible
relationships between the brain regions thought to be responsible
for performance on these measures. Additionally, correlation of
cognitive-habit learning with the number of no responses and re-
action time were performed to detect possible relationships be-
tween performance during cognitive-habit learning and measures
associated with motor ability, attention, and motivation.

Motor-skill Learning Task

The Pursuit Rotor Test (Lafayette Instruments, Model 30014) was
administered to all subjects immediately following the administra-
tion of the weather prediction task described above. In this version
of the pursuit rotor, the participant is required to track the motion
of light that shines through a space in a rotating disk by maintaining
contact between the tip of a curved light-sensor wand and the light
shining through the disk. The outcome variable was time on target
(in seconds). All participants were instructed to use their dominant
hand (91% of patients with SC and 86% of the NC participants were
right-hand dominant). The task was divided into 6 trial blocks each
consisting of five 20-sec trials with 10-sec intertrial intervals. Inter-
vals between blocks of trials lasted ~5 min. In an attempt to control
for differences in motor ability between patients with SC and NC
participants, so that differences in performance would reflect dif-
ferences in skill acquisition (i.e., rate of learning or slope) rather
than differences in motor abilities (that may be differentially af-
fected in SC), initial performance was equated between groups by
setting the speed of disk rotation such that all participants began
the task at an optimum time on target of ~5 sec. This was achieved
by providing an initial three-trial period during which disk rotation
speed was adjusted. The pursuit rotor test provides a measure of
nondeclarative motor-skill learning such that time on target gradu-
ally improves without conscious awareness of the learning process.

Motor-skill Learning Task Data Analysis

Time on target (in seconds) was recorded for each trial and the
mean time on target was obtained for each block of five trials.
Patient and control mean time on target scores for each of the six
trial blocks were analyzed using a two-way repeated measures
ANOVA. Additionally, mean time on target for each of the trial
blocks was plotted and the slope of the group curves were analyzed
to determine significant differences in linear trends between
groups. The motor-skill difference score between mean time on
target during the first and last trial blocks was determined to pro-
vide an additional measure of learning relatively insensitive to ab-
solute performance. Independent t-tests were used to analyze
group differences with respect to the speed at which the rotating
disk was set to equate initial group performance. Correlation be-
tween motor-skill and cognitive-habit learning was performed to
determine the possible relationship between the brain regions be-
lieved to be responsible for performance on these measures. Cor-
relation between measures of motor-skill learning, cognitive-habit
learning, and IQ were performed to ascertain the possible relation-
ship between general intellectual ability and these measures of skill
and habit learning.
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